In prostate cancer, p53 maximizes apoptosis in response to severe DNA damage, not DNA replication stress. Here, we examined the apoptotic response of two glioblastoma cells, p53-wild type U87 and a p53-mutated T98G cell, for the same stresses. We ascertained that p53 intensified apoptosis in response to severe DNA damage, not DNA replication stress in glioblastoma. We further asked if p53-mediated apoptosis can be induced by cellular stress other than severe DNA damage. We analyzed two compounds, bortezomib and vorinostat, respective inhibitors of 26S proteasome and histone deacetylase, to evaluate their capacity to activate p53-mediated apoptosis. The cellular stress incited by bortezomib, not vorinostat, activated p53-mediated apoptosis. Next, we asked if the cellular stress generated by combining the two compounds had a synergistic effect on apoptosis. Our results demonstrated that doxorubicin with bortezomib or CFS-1686, or bortezomib with vorinostat have a significant synergistic effect on apoptosis only in p53-wild type cell. Under high stress, p53 translocates from cytosol into the nucleus to cause apoptosis possibly. Together, p53 maximizes apoptosis for cellular stress caused by severe DNA damage, disruption of protein turnover, and for the stress induced by drug combination including doxorubicin with bortezomib or CFS-1686, and bortezomib with vorinostat.
The target genes of p53 participating in cell cycle arrest and DNA repair include p21, GADD45A, DDB2, FANCC and XPC, which function to rescue cells from damage [5, 6] . Another group of p53-upregulated genes including PUMA, NOXA, BAX and APAF do the opposite way and propel cell death through apoptosis [5, 6] . We may ask how cell fate, either survival or death, can be determined by the same p53 molecule after treatment with genotoxic agents. The theory of promoter selectivity proposes that p53 interacts differentially with its response elements through post-translational modifications and interactions with cofactors to activate cell survival or apoptosis genes [7] .
However, several microarray studies analyzing genotoxic expression profiles after p53 overexpression revealed that both cell cycle arrest and apoptosis genes are transcribed by the same conditions [8] [9] [10] [11] . One study claimed that the level of p53 is a threshold mediating the cell fate decision between growth arrest and apoptosis [12] .
In addition, two studies have demonstrated that p53 is not a transcriptional activator of Puma in prostate cancer [13, 14] . Instead of Puma, another BH3-only protein, Bim, counteracts Bcl-xl to initiate apoptosis in a p53-independent manner for doxorubicin-treated prostate cancer [14] . Our recent study further found that the role of p53 is to intensify apoptosis after doxorubicin-induced DNA damage stress, not to activate Puma to initiate apoptosis, and that DNA replication stressinduced apoptosis is p53-independent in prostate cancer [15] .
To see if the p53-mediated apoptosis found in prostate cancer also occurs in other cancer types, we extended our studies to glioblastoma. Two widely studied cell lines, U87 and T98G, were generated over 50 years ago from glioblastoma patients [16, 17] . U87 carries wild type p53 [18] and T98G has a mutation at codon 273 (ATG to ATA) of p53 that blocks transcriptional activity in reporter gene assay [19] . Using this pair of glioblastoma cell lines, we asked if cellular stress caused by a given single agent or combination of two agents can induce apoptosis through either a p53-dependent or p53-independent pathway. Our results revealed that doxorubicin and bortezomib induce p53-mediated apoptosis dose-responsively, while CFS-1686 and vorinostat trigger apoptosis in a p53-and dose-independent manner. Three combinations, doxorubicin plus CFS-1686, doxorubicin plus bortezomib and bortezomib plus vorinostat, all produce synergistic apoptosis in a p53-dependent manner. The determining factor for p53-mediated apoptosis from either a single agent or a combination of two agents is the extent or type of cellular stress, not the level of p53.
Results

The effects of doxorubicin can be divided into two phases by the dual role of p53 in U87 cells, while CFS-1686-induced apoptosis is p53-independent
The role of p53 is to maximize apoptosis in response to severe DNA damage, not to activate BH3-only protein to initiate apoptosis, in prostate cancer [15] . We investigated various responses of U87 cells including the level of p53, the expression of BH3-only proteins, cell cycle arrest, DNA damage and apoptosis in the presence of doxorubicin from low to high concentration. The results revealed that the level of p53 kept increasing as doxorubicin concentrations increased, up to maximum at 0.5 μM, and then declined from 0.5 μM to 2 μM (Fig 1A) . Interestingly, the expression of p21, the sign of cell cycle arrest, appeared at 0.125 μM and dropped to basal levels at 0.5 μM ( Figure 1A) . In contrast, the activation of caspase 3, the sign of apoptosis, showed up at 0.5 μM and reached maximum at 1 μM ( Figure 1A ). Cell cycle arrest and apoptosis corresponded to low and high DNA damage, respectively, as evaluated by the level of γH2AX ( Figure 1A) . The functions of p53 in the above two events can be easily distinguished in U87 cells. In addition, the expression of Puma was not affected by p53 ( Figure 1A) , suggesting that the canonical pathway of p53-mediated apoptosis does not occur in this cell.
Unlike U87 cells, doxorubicin treatment in T98G cells did not activate caspase 3, even at concentrations up to 7-fold higher than in the positive control U87 cell ( Figure 1B) . We then asked if doxorubicin has any effect on T98G cells. The result revealed that doxorubicin caused DNA damage though it cannot activate p21 expression via its mutated p53, compared to U87 cells treated by 0.25 μM of doxorubicin showing high expression of p21 ( Figure 1C) . Thus, we concluded that the mutated form of p53 in T98G is not a functional form of p53 and cannot effectively induce apoptosis in T98G ( Figure 1B ).
We further tested the effect of CFS-1686-induced DNA replication stress on apoptosis in T98G and U87 cells. This compound has been verified as the catalytic inhibitor of topoisomerase 1 [20] and it can induce apoptosis in prostate cancer independently of p53 [15] . Here, CFS-1686 could induce apoptosis in both U87 and T98G cells with about equal sensitivity, suggesting that apoptosis in response to DNA replication stress is p53-independent in glioblastoma ( Figure 1D ). However, this apoptosis-initiating compound showed no capacity to maximize apoptosis by increasing its concentration higher than 1 μM ( Figure 1D ).
Our results clearly indicated that apoptosis can be initiated either with or without p53 and the role of p53 is to magnify the apoptotic death signal dependent on the type and magnitude of cell stress in glioblastoma. 
Bortezomib and vorinostat induced apoptosis in a dose-dependent and -independent manner, respectively.
Since p53-mediated apoptosis has selectivity for stress types, we further explored whether cellular stresses other than DNA damage can be sensed by p53 to enhance apoptotic response. We analyzed two chemotherapeutic agents, bortezomib and vorinostat, respective inhibitors of 26S
proteasome [21] and histone deacetylase [22] , for their potential to activate p53-mediated apoptosis in U87 cells and T98G cells.
Bortezomib stabilized p53 at a constant level from 0.01 μM to 0.15 μM and induced apoptosis in dose-dependent fashion in U87 cells ( Figure 2A ). Interestingly, bortezomib could also induce apoptosis in T98G cells at high concentrations, starting at 0.05 μM, but the activation form of caspase 3 remained almost the same from 0.1 μM to 1 μM ( Figure 2A ). We speculated that the differential response of U87 and T98G cells to bortezomib is due to the presence and absence of functional p53, respectively. In U87 cells, p53 reacted to the increasing cellular stress induced by the increasing concentration of bortezomib by dose-responsive apoptosis. However, though bortezomib-induced cellular stress could initiate apoptosis, it had no capacity to amplify apoptosis in T98G cells without p53. Thus bortezomib-induced apoptosis might be p53-dependent. In contrast, vorinostat could induce apoptosis without increases in p53 and even a reduced basal level of p53 in U87 cells ( Figure 2B ). The apoptotic signal, the activation form of caspase 3, remained almost unchanged with increasing concentrations of vorinostat from 4 μM to 10 μM ( Figure 2B ). In T98G cells without functional p53 vorinostat could not trigger apoptosis effectively and showed no dose-responsive pattern of PARP cleavage ( Figure 2B ). These results suggested that vorinostatinduced cellular stress could only initiate apoptosis, and this stress could not be sensed by p53.
Vorinostat-induced apoptosis might be regarded as p53-independent.
We then used the nucleus/cytosol fraction to examine the distribution of p53 between the nucleus and cytosol in apoptosis or non-apoptosis conditions. An increase in the p53 ratio of nucleus to cytosol along with increasing apoptosis was seen in doxorubicin-and bortezomib-treated U87 cells ( Figure 2C ). For doxorubicin-treated cells, the respective p53 ratios of nucleus to cytosol at 0.125 μM and 1 μM were about 1.8 and 4.7, corresponding to p53 cell cycle arrest and apoptosis functions ( Figure 1A and Figure 2C ). This suggested that apoptosis activation might require more nuclear p53 than cell cycle arrest activation. The lowest p53 ratios of nucleus to cytosol appeared in bortezomib- respectively. A) Bortezomib caused the stabilization of p53 and induced apoptosis in a dose-dependent manner in U87 cells, while it induced apoptosis in dose-independent manner in T98G cells. Immunoblot images of p53, the activation form of caspase 3, caspase 3(a), and p21 normalized to GAPDH, were quantitated as shown. B) Vorinostat reduced the basal level of p53 and induced apoptosis dose-independently in U87 cells, while it could not effectively induce apoptosis in T98G cells. The immunoblot images of p53, the activation form of caspase 3, caspase 3(a), and the cleaved PARP normalized to GAPDH were quantitated as shown. Experimental conditions of A) and B) were similar to those in fig 1A. C) Doxorubicin or bortezomib caused the translocation of p53 from cytosol to nucleus in U87 cells. U87 cells were incubated with 0.125 and 1 μM of doxorubicin or with 0.01 and 0.15 μM of bortezomib for 24 h and harvested for nucleus and cytosol fractionation. Fractionated nucleus and cytosol protein were further analyzed by western blotting. The p53 ratio of nucleus to cytosol was quantitated as shown. N: nucleus; C: cytosol; p53(N): p53 in nucleus; p53(C): p53 in cytosol.
Apoptosis induced by bortezomib was p53-dependent.
From the above result, we speculated that bortezomib-induced apoptosis might be p53-dependent. We still could not draw the conclusion that p53 plays an essential role in bortezomibinduced apoptosis, without direct evidence. We used overexpression of p53 in LNCaP cells, a prostate can cell line containing a wild type p53, to see if p53 was really involved in bortezomib-induced apoptosis. We previously used the same approach to address whether p53 is responsible for doxorubicin-induced apoptosis after heavy DNA damage condition [15] . Interestingly, our results clearly demonstrated that p53 overexpression enhanced apoptosis in response to bortezomib ( Figure   3A ). We concluded that p53 does react to the cellular stress caused by bortezomib, resulting in the maximization of apoptosis.
However, p53 was unable to redeem bortezomib-induced apoptosis in PC3 cells, which is a p53-null prostate cancer cell line ( Figure 3B ). p53 overexpression cannot enhance doxorubicin-induced apoptosis in PC3 cells [15] . Thus, it appears that p53-mediated apoptosis in response to various agentinduced cell stresses might go through a common, but complicated mechanism requiring the involvement of other factors. Those factors might not be present in PC3 cells. 
The combination of doxorubicin with bortezomib had a significant synergistic effect on apoptosis, while the combination of doxorubicin with vorinostat slightly lowered apoptosis compared to doxorubicin alone.
Bortezomib and vorinostat are new-generation chemotherapy agents that alter cellular functions other than targeting DNA or microtubules and show some convincing responses in certain cancer types in the clinic. Interestingly, the cellular stresses generated by bortezomib and vorinostat have different effects on p53 and apoptosis in glioblastoma. We explored the effect of combining doxorubicin with p53-dependent bortezomib or p53-independent vorinostat on apoptosis in U87 or T98G cells.
The combination of two p53-dependent agents, doxorubicin plus bortezomib, showed a strong synergistic dose-dependent effect on apoptosis in U87 cells, but not in T98G cells ( Figure 4A ). Doxorubicin and bortezomib induce apoptosis through p53. T98G cells contain non-functional p53 and did not show increased apoptosis with this combination ( Figure 4A ). Thus, we speculated that this synergistic apoptosis effect might be p53-dependent. Interestingly, the level of p53 did not increase with this combination in U87 cells ( Figure 4A ), which indicated that the level of p53 did not determine this synergistic effect. The cellular stress generated by the combination of doxorubicin with bortezomib was much higher than with doxorubicin or bortezomib alone. Thus, we thought that the extent of cellular stress might be a factor to determine the magnitude of apoptosis.
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The p53 ratio of nucleus to cytosol from the combination of doxorubicin to bortezomib was about 1.3 ( Figure 4B ). This value was a little higher than the ratio from bortezomib alone (about 1) and lower than the ratio from doxorubicin (about 1.6, Figure 4B ). This result suggested that translocation of p53 into the nucleus seemed essential for apoptosis, while the synergistic effects were determined by compounded cellular stresses caused by the doxorubicin/bortezomib combination ( Figure 4A ).
Conversely, the apoptotic response induced by combining doxorubicin with vorinostat was lower than that induced by doxorubicin alone ( Figure 4C ). This was an interesting example of a negative effect from a two-drug combination. Further studies are required to explain this negative effect. Fig 4. The combination of doxorubicin with bortezomib, but not vorinostat, induced apoptosis synergistically in U87 cells. A) The doxorubicin/bortezomib combination had a synergistic effect on apoptosis in U87 cells, but not in T98G cells. U87 or T98G cells were incubated with various concentrations of doxorubicin alone or with 0.05 μM of bortezomib for 24 h and harvested for western blotting. The immunoblot images of p53 and the activation form of caspase 3, caspase 3(a) normalized to GAPDH, were quantitated as shown. B) The nucleus to cytosol ratio of p53 was higher with doxorubicin plus bortezomib than bortezomib alone. Experimental conditions were similar to fig 2C. The nucleus to cytosol ratio of p53 was quantitated as shown. C) Vorinostat had a negative effect on doxorubicin-induced apoptosis in U87 cells. Experimental conditions were similar to those in A.
The combination of doxorubicin plus CFS-1686 or bortezomib plus vorinostat had significant synergistic effects on apoptosis.
The above experiment showed that combining a p53-dependent compound with a p53-independent compound lowered the apoptotic response ( Figure 4B ). We asked if other p53-independent agents can interfere with p53-dependent compound-induced apoptosis. We explored two combinations of a p53-dependent compound with a p53-independent compound including doxorubicin plus CFS-1686 and bortezomib plus vorinostat.
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To our surprise, both combinations demonstrated a synergistic dose-responsive effect on apoptosis in U87 cells, but not in T98G cells (Figure 5A and B) . Since both doxorubicin-and bortezomib-induced apoptosis are p53-dependent, we thought p53 might play an essential role for these two combination-induced apoptotic responses. However, the level of p53 did not increase from these combinations, suggesting that the synergistic effects on apoptosis might be determined by cellular stress, as seen with the combination of doxorubicin and bortezomib. We propose that the cellular stresses caused by these drug combinations are not merely additive and might induce a complex combination of stresses.
The p53 ratio of nucleus to cytosol from the combination of CFS-1686 with doxorubicin was about 3, almost equal to that of doxorubicin alone ( Figure 5C ). Most p53 will have translocated into the nucleus at this value ( Figure 5C ). The p53 inside the nucleus might be available for enhancing apoptosis under the huge cellular stress caused by the combination of CFS-1686 with doxorubicin with the results shown in figure 5A .
Unlike doxorubicin, which has a big capacity to drive p53 from cytosol to nucleus, translocation of p53 to the nucleus was relatively limited in bortezomib-treated U87 cells. Even at concentrations up to 0.150 μM that trigger efficient apoptosis, the p53 ratio of nucleus to cytosol in bortezomibtreated cells was about 0.85 ( Figure 2C) . Significantly, the p53 ratio of nucleus to cytosol for the combination of bortezomib with vorinostat was 1.6, 3-fold and 9-fold higher than that of bortezomib and vorinostat, respectively ( Figure 5D ). We speculate that the nuclear translocation of p53 driven by this combination generates the synergistic effect on apoptosis shown in figure 5B. normalized to GAPDH, were quantitated as shown. Experimental conditions of A) and B) were similar to fig 4A. C) The nucleus to cytosol ratio of p53 was higher for doxorubicin plus CFS-1686 than CFS-1686 alone. The nucleus to cytosol ratio of p53 was quantitated as shown. D) The nucleus to cytosol ratio of p53 was higher in bortezomib plus vorinostat than either bortezomib or vorinostat alone. The nucleus to cytosol ratio of p53 was quantitated as shown. Experimental conditions of C) and D) were similar to fig 2C. 
Discussion
Our results revealed that doxorubicin, bortezomib, doxorubicin plus CFS-1686, doxorubicin plus bortezomib or bortezomib plus vorinostat induced cellular stresses that could be sensed by p53. In contrast, CFS-1686 or vorinostat-induced cellular stress could not be sensed by p53. Cellular stresses that caused a reaction by p53 produced a magnitude of apoptosis proportional with the extent of cellular stress, eventually up to maximum when cellular stress reached the utmost (Fig 6) . However, cellular stress that could not be sensed by p53 only initiated a level of apoptosis that remained constant and could not be amplified ( Figure 6 ). Our study raises a very interesting issue about the stress selectivity of p53. Among the four compounds we studied, doxorubicin and bortezomib displayed p53-dependent effects, while CFS-1686 and vorinostat showed p53-independent effects. Based on the types of cellular stress, doxorubicin and bortezomib caused DNA double-strand breaks and shutdown of protein turnover, which were more threatening to cell survival than halt in DNA replication or the unwinding of chromatin structures caused by CFS-1686 or vorinostat, respectively. Thus, we concluded that the stress selectivity of p53 is based on the severity of the cellular stress. This speculation is fully supported by the combination treatments that showed synergistic outcomes of p53-mediated apoptosis, because these combination treatments seemed to generate more cellular stress than either compound used alone.
One study has proposed that the level of p53 is a threshold determining the cell fate of either cell cycle arrest or apoptosis, and that lowering the apoptotic threshold can potentially increase p53-mediated apoptosis [12] . Our results demonstrated that apoptosis began at 0.5 μM and reached maximum at 1 μM of doxorubicin in U87 cells ( Figure 1A) . However, the status of apoptosis corresponded to the level of γH2AX, not p53 ( Figure 1A) . Moreover, the magnitude of apoptosis matched the concentration of bortezomib, not the level of p53, in bortezomib-treated U87 cells (Fig   Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 January 2019 2A). In the three combination treatments we explored, doxorubicin plus bortezomib, doxorubicin plus CFS-1686 and bortezomib plus vorinostat, the synergistic effect of apoptosis was not correlated with the level of p53, but did parallel the extent of cellular stress ( Figure 4A and Figure 5A and B).
Thus, we speculated that the threshold of p53-mediated action is the extent of cellular stress, not the level of p53.
The type and extent of cellular stress therefore controls p53-mediated apoptosis in glioblastoma.
Our results demonstrated that the translocation of p53 from cytosol to nucleus seems to be an essential step in p53's initiation of apoptosis. According to the canonical p53-mediated apoptotic pathway, once in the nucleus p53 transcriptionally activates Puma or Noxa to trigger apoptosis.
However, the expression of Puma was not affected by p53 ( figure 1A) , and two p53-independent agents, CFS-1686 and vorinostat, could also initiate apoptosis ( Figure 1D and Figure 2B ). These results excluded the canonical p53-mediated apoptotic pathway as the cause of p53-initiated apoptosis in glioblastoma. Other target genes of p53 might be involved in this pathway.
Materials and Methods
Compounds and plasmids
Doxorubicin (Merck Millipore), bortezomib (Selleck), vorinostat (Selleck) and FuGENE 6 (Promega) were purchased as indicated. CFS-1686 is an in-house compound [20] . The two plasmids including pCMV-p53 and pIRES2-EGFP (Clontech), which were used for overexpression of p53 and vehicle control for transfection, respectively, were purchased as indicated.
Cell culture and compound treatment
The U87 and T98G glioblastoma cell lines and LNCaP and PC3 prostate carcinoma cell lines 
Cytosol and nuclear fractionation
Three plates of U87 cells treated by the same compound or compound combination were harvested and then washed in hypotonic buffer (10 mM Hepes pH7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT) with protease and phosphatase inhibitors. The washed cell pellets were resuspended in hypotonic buffer for 10 min to swell cells. The swollen cells were homogenized by 5 up-and-down pushes through the syringe with 26 1/2 needle. The nuclei were spun down by centrifuging for 15 min at 4000 rpm. After spinning down, the cytosol supernatant and the collected nuclei were lysed in RIPA buffer (25 mM Tris-HCl pH7.6, 150 mM NaCl, 1% NP40 1 mM DTT, 0.1% NP-40, 1% sodium deoxycholate, 0.1% SDS) containing protease and phosphatase inhibitors. Both cytosol and the nuclei lysates were analyzed by immunoblotting.
Immunoblotting
The harvested cells were lysed in RIPA buffer containing protease and phosphatase inhibitors.
The protein concentrations from the cell lysate, separated cytosol and nuclear lysate were determined by a BCA Protein Assay Kit (Pierce). About 60 μg of protein per well was subjected to SDS-PAGE. 
Statistical analysis
A paired t-test was used to show the statistical significance of the results using JMP13. *P < 0.05 or **P < 0.01 was considered significant.
Conclusions
In conclusion, we found that the cellular stress caused by doxorubicin, bortezomib, or three combinations including doxorubicin plus bortezomib, doxorubicin plus CFS-1686 and bortezomib plus vorinostat can trigger p53-mediated apoptosis, but not CFS-1686 or vorinostat. The extent of cellular stress, not the level of p53, appears to be the threshold determining p53-mediated apoptosis. 
